Abstract Human skeletal remains from the early-modern period (17th-19th centuries AD) of Kumejima Island, the Ryukyu Islands, were examined for dental disease, including dental caries, linear enamel hypoplasia (LEH), antemortem tooth loss (AMTL), and dental calculus. The materials used in this study consisted of 386 adult individuals, 105 male, 89 female, and 192 of unknown sex. The highest rate of dental caries occurred in the adult females. Female physiological events, such as pregnancy and menopause, as well as differences in food preference may have led to this sex difference, as suggested by isotopic analysis. The high incidence of AMTL in the older females indicate that the actual rate of dental caries must have been even higher. There were no significant differences in the rate of dental caries between prehistoric foraging and early-modern farming Ryukyu Islanders, probably because of similar dietary composition of C3 plant and fish. Adult females tended to be more affected by LEH, indicating that they experienced greater physiological stress during early childhood.
Introduction
Many anthropologists have directed their attention to the people of the Ryukyu Islands, the southernmost island chain of the Japanese archipelago (Hanihara, 1991; Doi, 2003; Fukumine et al., 2006; Haneji et al., 2007; Toma et al., 2007) . Populational affinities among the Ryukyuans, Ainu, main-island Japanese, and other Asian populations have been discussed in terms of both morphological and genetic data (e.g. Hanihara, 1991; Hammer et al., 2006) . On the other hand, there are only a few bioarchaeological studies of the prehistoric and historic Ryukyu Islanders (Oyamada et al., 1996; Zukeran et al., 2002) .
In 1998 and 2000, a large number of human skeletal remains were excavated from the Yacchi-no-gama stalactite cave and Kanjinbaru sites on Kumejima Island, two mortuary sites which date to the early-modern period (17th-19th centuries AD) (Okinawa Prefectural Archaeological Center, 2001 ). The basic metric data of the cranium and postcranial skeleton have been published elsewhere (Fukumine et al., 2001) . Cranial nonmetric variation and degenerative joint diseases of the spine and limb bones have been investigated to clarify populational history and lifestyles Yamauchi et al., 2006; Moromizato et al., 2007) . In the present study, we examined the same skeletal series for dental pathology, with the aim of contributing to the reconstruction of Ryukyu Islander lifestyles of the early-modern period.
Kumejima is an island situated about 100 km from Okinawa Island (Okinawa main-island) (Figure 1 ). In the Ryukyu Islands, a hunting, fishing, and gathering subsistence continued from the Upper Pleistocene to the 12th century AD (Tomiyama and Takara, 2005) . In the medieval Gusuku period (12th-16th centuries AD) of the Ryukyu kingdom, agriculturalists constructed many castles (Gusukus), several of them on Kumejima Island. Rice cultivation might have begun in Kumejima during this period, since Kume means 'rice' in Japanese.
The Yachi-no-gama cave has a wide vestibule (about 400 m
2 ), where a large amount of pottery was found ( Figure 2 ). Skeletal remains of two, and sometimes three, individuals were put in each mortuary jar, as a form of secondary burial after discarnation (the 'Senkotsu' ceremony). The bodies are thought to have originally been buried in some other place, and then transferred to the pottery jar. While remains of a couple were essentially kept in one mortuary jar, the immature skeleton of a child was sometimes placed in the same container. Because most of such secondary burials on Okinawa main-island were destroyed during World War II, the Kumejima skeletal remains of well-preserved secondary burials are valuable in reconstructing the lifestyle of the Ryukyu Islanders of the early-modern period.
The human skeletal remains of the Yachi-no-gama cave are probably those of the ancestors of people living in Uezu, Nishime, and Kumachi villages around the cave. The past existence of paddy fields in this area and the pattern of prevalence of degenerative joint diseases indicate that the skeletal series represent farmers (Yamauchi et al., 2006; Moromizato et al., 2007) . We referred to historical records for information regarding the diet of these people. Since a large part of the rice production was collected from the farmers as tributes, the farmers themselves probably consumed sweet potato and taro as their principal food, supplemented by wild grass, nuts, seaweed, and seafood (Miyazato, 1976; Gushikawa Village Relocation 100th Anniversary Publication Editorial Board, 1995; Nakamura, 2001; Nakachi, 2002) . Isotopic analysis indicated that they collectively ate not only C3 plants but also fish (Yoneda et al., 2004) , corroborating the information available from the historic records.
Dental disease is a common chronic disorder in recent humans. Dental caries, or tooth decay, is one of the most prevalent diseases seen, from children to adults (Selwitz et al., 2007) . Regarding prehistoric Japan, Kiyono and Kintaka (1929) reported rates of dental caries in the Jomon series of Tsukumo (5.3%) and Yoshiko (14.0%) shell mounds; these skeletal series represent neolithic hunter-gatherers of the Late to Final Jomon period (about 4000-2300 BP). Koganei (1934) was the first to report the rate difference between the Jomon of main-island Japan (6.1%) and the recent Ainu of Hokkaido (1.1%). Since then, geographic variation in dental caries rate among the Jomon series has been published by many researchers (Yukinari, 1975; Turner, 1979; Inoue et al., 1981; Fujita et al., 1994; Fujita, 1995; Shigehara, 1994; Ohshima, 1996; Oyamada et al., 1996; Temple, 2007) . In main-island Japan, the prehistoric hunter-gatherers of the Jomon period are known to mostly show high dental caries rates (7.0%-14.8%), but an exceptionally low incidence of caries (0.76%) was observed in an inland Jomon site sample from central main-island Japan (the Kitamura site of Nagano Prefecture) (Shigehara, 1994) . On the other hand, Ohshima (1996) pointed out that, in Hokkaido (the northern island of Japan), a low rate of caries characterized the Jomon period (2.18%), and that this continued to early-modern times (0.47%); he suggested that this was dependent on a considerable maritime infrastructure in Hokkaido.
Outside Japan, it has been repeatedly demonstrated that the rate of dental caries increases with a subsistence change from hunting-gathering to agriculture (Larsen, 1997 (Larsen, , 2006 . Similarly, within Japan, the dental caries rate increased from the Jomon period to that of the Yayoi farming people (22.6%). In main-island Japan, a condition of high caries rate apparently continued through historical times; the rate in the early-modern period (Edo period, 1603-1867) was close to 20% (Sakura, 1964) . However, Sakura (1985) and Oyamada et al. (2004) pointed out that the frequency of den- tal caries could be quite different even among the earlymodern cranial series of the Japanese main-islands; for example, the dental caries rate was quite low (0.8%) at the inland Oterayama site (Sakura, 1985) .
Linear enamel hypoplasia (LEH) is expressed on the enamel surface as a transverse line or defect, and has a quite different etiology (Goodman and Rose, 1990) . Ameloblasts produce enamel, e.g. in the permanent canine, for approximately 6 years after birth, starting at the crown apex to the cervix (Boldsen, 2007) . This developmental process is subject to many disturbances, some of which can temporarily impede enamel production; such factors include nonspecific systemic diseases, such as infection, metabolic disturbance, and fever. Because ameloblasts are lost with tooth eruption, enamel is not capable of further growth or remodeling, i.e. LEH provides a means by which growth disturbance during early childhood can be examined from the permanent teeth of adults (King et al., 2005) . Therefore, many authors have investigated the prevalence and timing of LEH in a range of prehistoric cranial series (e.g. Guatelli-Steinberg and Lukacs, 1999; Cucina et al., 2006; Larsen, 2006; Palubeckaite et al., 2006; Belcastro et al., 2007; Boldsen, 2007) .
In Japan, Yamamoto (1988 Yamamoto ( , 1992 started LEH studies using prehistoric and historic skeletal remains in the Kanto area, central main-island Japan. More recently, the LEH rates of the prehistoric series from Hokkaido (Kikuchi et al., 2000; Fukumoto, 2004) and Kyushu areas (Koga, 2003) were also reported. These studies reported a similar diachronic change: (1) the Jomon series had a high rate of LEH; (2) the rates decreased from the Yayoi to the medieval age; (3) the highest LEH prevalence was seen in the early-modern Edo series.
Regarding the Ryukyu Islands, dental disease, including dental caries and LEH, was investigated by Oyamada et al. (1996) and Hudson and Takamiya (2003) . Oyamada et al. (1996) examined a dental series from the Mashiki-Azamabaru site (Jomon-Yayoi period) in central Okinawa Island, and demonstrated a relatively high rate of dental caries (16.7%), even though the site-sample represents hunter-gatherers. Hudson and Takamiya (2003) investigated LEH, but, due to small sample sizes, could not demonstrate any clear diachronic changes in the rate of dental caries or LEH.
With the above background to the known patterns of dental caries rate and LEH occurrence in the Japanese archipelago, in the present study, we examine and discuss the earlymodern Ryukyu Islands lifestyle, from an analysis of dental pathology of the Kumejima Island skeletal series. We primarily focused on dental caries and LEH, but we also examined antemortem tooth loss (AMTL) and dental calculus. We aim to establish the dental health status seen in the early-modern Kumejima skeletal series, and to investigate the possible relationship between dental disease and subsistence patterns.
Materials and Methods
The materials consisted of 105 adult males, 89 adult females, and 192 adults of unknown sex. In our analysis of age-related changes in dental diseases, we used the 95 male and 82 female crania that were aged and sexed. The unknown-sex portion of the series contains many fragmentary maxillary and mandibular bones and isolated teeth. Fiftyeight individuals consisted only of isolated teeth.
Because two or three human skeletal remains were kept in each mortuary pottery, the sex and age of the remains were easily estimated using whole skeletons. Age was estimated by standard methods, such as tooth eruption, dental attrition, sutural and epiphyseal closures, and auricular and symphyseal surfaces (Brothwell, 1981; Miles, 1963; Szilvássy, 1988; White, 2000) .
Dental caries were recorded by macroscopic observation (Figure 3a ). Color changes of the enamel without any cavity were not judged as caries. When dental caries were present, their degree was classified from C1 to C4 by increasing severity. Although the location and number of caries were recorded in each tooth, a tooth with at least one lesion was judged as an affected tooth for the scoring of carious teeth. Closure of the dental socket in alveolar bone by remodeling was determined as an incidence of AMTL.
LEH in bilateral mandibular canines was investigated following the method of Yamamoto (1988) . The frequencies of LEH were calculated based on individual counts; i.e. LEH was scored as present if it was observed on one or both sides. If the diagnosis of LEH was difficult by macroscopic observation, a dental explorer (YDM, 01-208) was used to judge the presence or absence of LEH. The crown height and the distance between the LEH and cemento-enamel junction were measured to estimate the age of incidence based on the simple hypothesis that mandibular canine enamel shows linear growth for 0.5-6.5 years after birth (Yamamoto, 1988) ; i.e. we simplify our analysis by considering that the distance between the LEH and cemento-enamel junction directly indicates the age of LEH incidence (Figure 3b ). Dental calculus was simply judged as present or absent for all the teeth observed ( Figure 3c ).
The frequency of dental caries, LEH, AMTL and dental calculus was calculated based on sex counts and age-groups. Fisher's exact probability test or the chi-square test was used to evaluate frequency differences between sex and age.
We calculated ACFP (approximate estimate of caries frequency per person) to reduce bias by postmortem tooth loss (Sakura, 1964 (Sakura, , 1985 .
ACFP is expressed by a simple formula:
where, for example, R(L1) is the frequency of dental caries (carious teeth/observed teeth) of the lower central incisors counted bilaterally (L1).
The comparative samples of the dental caries rate are quoted from published data, as listed in Table 1 . For elucidating geographical variations, three geographically separated samples, the Ryukyu Islands, main-island Japan, and Hokkaido, were chosen because of their ethnic and genetic differences. The frequencies of dental caries were calculated using the total numbers of carious teeth and observed teeth presented in the literature. While the 'modern' and 'present' samples of each region in Table 1 were recorded by dentists from living people, the other studies were based on cranial series. Similar cross-sample comparisons of LEH, AMTL and dental calculus were not conducted, due to the potentially large inter-observer errors. Fisher's exact probability test was used to evaluate temporal changes and regional differences. Table 2 summarizes the observed and affected teeth, and the frequency of dental caries in the Kumejima early-modern cranial series. The frequencies of anterior, premolar, and molar teeth were calculated respectively. Molars were significantly more carious than premolars and anterior teeth in both females and males (P < 0.01). Between the sexes, a significantly higher frequency in females was seen in the premolars (P < 0.01) and in all teeth combined (females, 22.0%; males, 17.3%; P < 0.05). The alternative measure of caries rate, the ACFP, was 1.54 and 1.87 teeth per person in males and females, respectively, confirming the higher frequency of caries in females (Table 3) . Overall, we found 436 caries among 2313 teeth and the frequency was 18.9% of all teeth examined, while it was 20.2% based on 1600 teeth of aged-and sexed crania.
Results

Dental caries
Age-related changes in dental caries were analyzed using the aged and sexed crania of the Kumejima series (Table 4) . When the sample was divided into younger (under 40 years) and older groups (over 40 years), the older group of each sex had higher frequencies of caries than the younger group (P < 0.01). The frequency in older females was significantly higher than in older males (P < 0.01), although the differences in frequency between younger males and females were not statistically significant. Older females tended to have more severe caries (C3 + C4); however, there were no significant differences between the older females and the other samples (Table 4) . Yaoeda, 1918; Yano and Kajizuka, 1919; Senda, 1930; Mimura, 1931; Shimura, 1940 AMTL Table 5 shows the frequencies of AMTL. The AMTL rate of the molars was significantly higher than that of the anterior teeth and premolars in both sexes and in the entire sample (P < 0.01). Between the sexes, females had a higher frequency of AMTL in the anterior teeth, premolars, molars, and in the entire sample. Age-related changes of AMTL were also found (Table 4) . Both older females and males had markedly high frequencies (43.5% and 35.3%, respectively), which were significantly different from those of the younger adults (P < 0.01). In addition, AMTL frequency was significantly higher in the older females than in the older males (P < 0.01).
LEH
LEH frequencies are presented in Table 6 . Among the 125 individuals observed, 75 had LEH. Although females had a higher frequency of LEH than males, this difference was not statistically significant. The younger-aged male sample tended to exhibit a higher frequency of LEH than their older counterpart (Table 4) ; however, the difference was not statistically significant. Figure 4 shows a graph of the age distribution of LEH incidences, using LEH of the mandibular canines. Although individuals of both sexes were mostly affected between the age of 3.5 and 5.5 years, the distribution suggests a slightly older age of LEH occurrence in the females (P = 0.09).
Dental calculus
Almost all teeth had dental calculus (Table 7) , but males had a higher frequency than females (P < 0.05). An age-related increase in the calculus rate was also recognized (Table 4) , although a statistically significant difference was seen only in males (P < 0.01). Sex differences were not found in the younger sample but were found in the older sample (P < 0.01).
Populational comparisons of dental caries rate
Based on the published data, we investigated the diachronic changes and regional differences of dental caries rate in the Japanese archipelago (Table 1, Figure 5 ). In Okinawa and main-island Japan, the caries rate was more than 10% higher than in Hokkaido during the Jomon period (P < 0.01). The rate in main-island Japan increased from the Jomon to Yayoi age (P < 0.01), whereas that in Hokkaido decreased from the Jomon to Epi-Jomon age (P < 0.01). Thus, there was a large frequency difference between main-island Japan and Hokkaido (P < 0.01). The rate in both Okinawa and main-island Japan, in the early-modern period, was also significantly higher (nearly 20%) than in Hokkaido (P < 0.01); the very low rate in Hokkaido continued to the early-modern period. Unfortunately, since there were no published data of the dental caries rate in Okinawa prefecture until 2003 (Health Promotion Division Department of Health and Welfare, Okinawa Prefecture, 2005) , comparisons with the 'modern' period (Meiji, Taisho, and Showa eras) could not be performed between Okinawa and the other regions. In Hokkaido, rates in the Ainu people increased from the earlymodern to modern periods (P < 0.01); however, there are no data for the present. A caries frequency of about 50% is currently seen in both Okinawa and main-island Japan.
Discussion
This study revealed that the rate of dental caries in the early-modern Kumejima series was significantly higher in females than in males, mainly because of the large difference between older females (31.7%) and older males (22.2%). In general, females from both archaeological collections and epidemiological surveys tend to have significantly more carious teeth than males (National Research Council, 1952; Lukacs and Thompson, 2008) , although a similar frequency between sexes has sometimes been reported ( Delgado-Darias et al., 2005) . Many biological and cultural factors may produce this sexual difference. Lukacs and Largaespada (2006) reviewed three main causative factors of the higher rates of dental caries in females: (1) earlier eruption of permanent teeth and longer life expectancy of females; (2) higher intake of carbohydrates; (3) pregnancy, menopause and other hormonal influences, suggesting that biomedical factors are more important than expected. The higher rate of older females in the early-modern Kumejima series may indicate that incidences of dental caries were influenced by adult female-specific events, such as pregnancy and menopause. Moreover, differences in subsistence or food habits must also contribute to significant differences of frequencies between the sexes; subsistence and cultural development throughout human history have resulted in an increase of dental caries rate (Larsen, 1997) . For example, stable isotope analysis showed that females consumed more C3 plants, while males ate more fish in early-modern Kumejima (Yoneda et al., 2004; Moromizato et al., 2007) . The higher frequencies of dental calculus in males support the isotopic analysis because high protein intake is thought to increase incidences of dental calculus (Pechenkina et al., 2002; Hudson, 2004) . Stable isotope analysis using human and non-human animal bones is an important method in the reconstruction of food intake of the prehistoric and historic times (Yoneda, 2006) . Yoneda et al. (2004) revealed that, with regards to a probable couple kept in the same mortuary jar, the female individual apparently ate more carbohydrates than the male, who had more fish protein intake; i.e. there seems to have been a difference even within couples or families in earlymodern Kumejima. This can be taken as an analytical corroboration of the narrative recordings of Okinawa at the beginning of the 20th century, which stated that females did not usually eat the higher nutritive foods of males like eggs (Ikemiya, 1988) ; there thus seems to have been a difference in eating habits between the sexes in early-modern Okinawa, including Kumejima. Therefore, we looked for a correlation of the number of dental caries between the male and the female in each pottery jar. However, no clear positive or negative correlations were found. This may be because of the many causal factors that influence the incidence of dental caries (Selwitz et al., 2007) .
The older females in the Kumejima series were most frequently affected by AMTL (43.5%). AMTL results from many causes, including dental caries, periodontal disease, attrition, trauma, and ritual tooth extraction; however, it has been suggested that AMTL is often caused by dental caries (Sakura, 1964; Lukacs, 1995; Hillson, 2001; Cucina and Tiesler, 2003; Palubeckaite et al., 2006; Oyamada et al., 2007a) . In the case of Kumejima, a tradition of ritual tooth extraction did not exist and no large battles took place in the early-modern times that may have resulted in trauma-related tooth loss (Nakahara, 1990; Doi, 2003; Uezu, 2007) . Also, only slight attrition was seen in the Kumejima series, as might be expected from the general decrease in tooth attrition from the medieval to early-modern times in Japan (Kaifu, 1999) . Therefore, with the exception of the possible influence of periodontal disease, it is reasonable to consider that dental caries probably resulted in the frequent AMTL seen in the early-modern Kumejima people. This suggests that the actual rate of dental caries was probably higher in females, especially older females, than the actually observed rate.
The prehistoric Okinawa series of the Jomon-Yayoi ages had a relatively high rate of dental caries (16.7%), not significantly different from that of the main-island Jomon (14.8%), or from rates seen in the early-modern periods of Kumejima and main-island Japan (18.9% and 19.3%, respectively). There were no significant differences in rates between the prehistoric and early-modern periods in Okinawa, whereas the rates increased from the Jomon to early-modern periods in main-island Japan (P < 0.01). In addition, the frequency of severe caries (C3 + C4) in the earlymodern Kumejima (25.3%) was high, but not significantly different from that in the prehistoric Okinawa series (17.4%). This constancy of rate through time is surprising, given the change of basic subsistence from foraging to farming, in the Ryukyu Islands, across a time span of over 2000 years (Takamiya, 2006) . It is surprising that caries rate apparently did not change diachronically, even if we consider that all the AMTL resulted from dental caries. The existence of a similar proportional intake of C3 plants and fishes between the prehistoric and early-modern Ryukyu Islanders, based on isotopic analysis (Yoneda et al., 2004) , may explain this phenomenon. The high caries rate of the Jomon may be caused by the consumption of starchy cultigens or 'cookies' made from nuts (Ohshima, 1996) . Several researchers have reported that rice cultivation did not increase the frequency of dental caries in Southeast Asia (Tayles et al., 2000; Pietrusewsky and Douglas, 2002; Oxenham et al., 2006) .
Whatever is the case, with the apparent lack of diachronic change within Okinawa, it is necessary to investigate sufficient numbers of skeletal series that sample the ancient and medieval times of the Ryukyu Islands. For example, although no apparent regional differences were seen between the early-modern series of main-island Japan and the Ryukyu Islands, as mentioned before, a population with a quite low rate is known from the early-modern Oterayama site in Honshu (Sakura, 1985) , and a rate difference between classes was reported from the early-modern Sougenji and Kyomachi sites of northern Kyushu (Oyamada et al., 2004 (Oyamada et al., , 2007b . Thus, it is suggested that the rate of dental caries varied among sites or villages in the early-modern period of the Japanese archipelago, due not only to diet but also to other behavioral factors such as oral hygiene.
Although no significant age or sex differences were found in the prevalence of LEH, both the younger-aged and olderaged categories of females were the most affected (66.7%) and the younger-aged males were more affected than the older-aged males. King et al. (2005) revealed that younger individuals of a skeletal series, or individuals who died earlier in life, had an earlier first incidence of LEH than the older individuals. Although we examined the relationship between the first occurrence of LEH and individual ages in the Kumejima series, no positive correlations were found; however, the fact that the younger and female individuals tended to be more affected in the Kumejima series indicates that females (when they were children) experienced greater physiological stress than males, and that individuals that died younger tended to have been exposed to greater stress during childhood, as reported in the medieval Danish village of Tirup (Boldsen, 2007) . On the other hand, Figure 4 shows that the onset of LEH may have occurred at an older age of childhood in females than in males. Because females who had an earlier incidence of LEH might have died young prior to adulthood, it is necessary to investigate LEH in immature samples, although sexing of younger skeletal remains is difficult.
Conclusion
In the early-modern Kumejima series, females, especially older females, had a higher rate of dental caries than males. Female-specific events, such as pregnancy and menopause, as well as food choice differences between the sexes could produce this distinction, as suggested by stable isotope analysis (Yoneda et al., 2004) . The higher frequency of AMTL (considered to have been mostly caused by dental caries) in the older females suggest a higher actual rate of dental caries. In spite of changes from foraging to farming, there were no apparent changes in the rate of dental caries between the prehistoric and early-modern Ryukyu Islanders, probably because of similar compositions of C3 plant and fish ingestion. The high frequency of LEH, in the adult females, indicates that they might have experienced greater physiological stress during early childhood. In order to elucidate the actual patterns of diachronic change of dental diseases from prehistoric to modern times in the Ryukyu Islands, it is necessary to investigate sufficient numbers of skeletal series that span regional and temporal variations.
